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Closteroviridae is the only viral family coding for a homolog of HSP70 (HSP70h). Polyclonal antiserum to recombinant
beet yellows closterovirus (BYV) HSP70h was generated and used for immunogold labeling of the leaf samples derived
from the infected Nicotiana benthamiana plants. Ultrastructural analysis revealed the preferential accumulation of BYV
in phloem, although occasional infection of the leaf mesophyll cells was also observed. The strongest HSP70h-specific
labeling was associated with virion aggregates and vesicles harboring scattered virions. HSP70h was also observed in
close proximity of plasmodesmata and inside the plasmodesmatal channels. The possible role of the BYV HSP70h in
RNA encapsidation was tested in tobacco protoplasts. A BYV mutant possessing an inactivated HSP70h gene exhibited
no detectable encapsidation defects. Collectively, the obtained results suggested that closteroviral HSP70h escorts the
virions to their destinations inside the infected cells and possibly participates in the intercellular translocation of BYV.
© 1999 Academic Press
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The proteins from the HSP70 family of molecular
haperones are conserved among unicellular and mul-
icellular organisms (Tatusov et al., 1997; Chervitz et
l., 1998; Guy and Li, 1998). Many DNA and RNA
iruses of bacteria, plants, and animals recruit cell
SP70s at various stages of the life cycle (e.g., Mace-
ak and Sarnow, 1992; Jindal and Young, 1992; Cripe et
l., 1995) or regulate expression of the nuclear HSP70
enes (Phillips et al., 1991; Wainberg et al., 1997). In
articular, a plant potyvirus specifically induces tran-
cription of one of the host HSP70 genes in cells that
upport active viral replication (Aranda et al., 1996).
owever, viral-encoded HSP70 homologs (HSP70h)
re found only among the plant closteroviruses. The
resence of the HSP70h gene in all members of the
iverse family Closteroviridae (Agranovsky et al., 1991;
appu et al., 1994; Klaassen et al., 1995; Karasev et al.,
996; Tian et al., 1996; Jelkmann et al., 1997; Ling et al.,
998; Zhu et al., 1998; D’Ann Rochon, personal com-
unication) suggests that this gene was acquired by
he common ancestor of closteroviruses via recombi-
ation with the cell mRNA (Dolja et al., 1994b). It was
emonstrated recently that although HSP70h of beet
ellows closterovirus (BYV) is expressed early in in-
ection (unpublished results), it is not required for
mplification of the viral positive-strand RNA genome
r for transcription of the subgenomic RNAs (Peremys-
1 To whom reprint requests should be addressed. Fax: (541) 737-
a573. E-mail: doljav@bcc.orst.edu.
173ov et al., 1998). Other possibilities included involve-
ent of the HSP70h in viral translocation from cell to
ell (Karasev et al., 1992; Agranovsky et al., 1998),
ystemic transport, assembly of the filamentous viri-
ns, or transmission of virus by insects (Tian et al.,
999).
Knowledge of intracellular localization provides impor-
ant clues as to the functions of the viral proteins and
echanisms of their interaction with cell components
for recent examples, see Rodriguez-Cerezo et al., 1997;
chaad et al., 1997; Ward et al., 1997; Medina et al., 1998;
einlein et al., 1998). The ultrastructure of the BYV-in-
ected cells and tissues of Beta vulgaris and Tetragonia
xpansa has been examined extensively to reveal pref-
rential association of virus with the phloem and its
bility to exit into mesophyll cells late in infection (Esau,
960a, 1960b; Esau and Hoefert, 1971a, 1971b, 1971c).
hese and following studies described the cytopathology
f closterovirus infection, with the formation of cytoplas-
ic vesicles containing virions as its most striking fea-
ure (Lesemann, 1988). This early work, however, did not
ddress the distribution of closterovirus proteins in in-
ected cells.
Here we report the subcellular localization of the
YV HSP70h in Nicotiana benthamiana. It was found
hat HSP70h is associated with the virions present in
ytoplasm, in the nucleus, and in the vicinity of plas-
odesmata. In addition, HSP70h was observed inside
he plasmodesmata. Based on these results, we sug-
est that HSP70h accompanies virions and probably
argets them to plasmodesmata for translocation into
djacent cells.
0042-6822/99 $30.00
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174 MEDINA ET AL.RESULTS
istological distribution of BYV in the leaves of
icotiana benthamiana
Although N. benthamiana is known to be one of the
ost permissive hosts for plant viruses, it has not been
reviously reported as a BYV host. We found that N.
enthamiana was readily infected by BYV after aphid-
ssisted transmission or mechanical inoculation, exhib-
ting vein clearing, leaf deformation, and eventually sys-
emic necrosis and plant death (data not shown). Elec-
ron microscopic (EM) examination of the vascular
undles in infected leaves revealed formation of charac-
eristic virus-induced vesicles (Fig. 1). The cytosol of a
ompanion cell shown in Fig. 1B is packed by the vesi-
les intermingled with scattered filamentous virions and
irion aggregates. Immunogold labeling (IGL) using an-
iserum to BYV capsid protein (CP) resulted in specific
ssociation of gold particles with virions but not with the
hicker filaments presumably formed by the phloem pro-
ein (Pp in Fig. 2A). In addition to their most consistent
resence in the phloem companion and parenchyma
ells, vesicles and virions were also observed in the
esophyll cells (Fig. 2B). These results demonstrated
FIG. 1. Cytopathology of a BYV-infected phloem companion cell. (A)
ypes are designated as S (sieve elements), CC (companion cells), PP
ectangle marks the area shown in B. (B) A region in companion cell c
hloroplast. Bar in A, 7.3 mm; in B, 0.91 mm.hat in N. benthamiana BYV was associated with, but not etrictly limited to, the phloem, a pattern previously de-
cribed for sugar beet (Esau, 1960a, 1960b) and T. ex-
ansa (Esau and Hoefert, 1971a, 1971b).
olocalization of the HSP70h with BYV virions
The IGL analysis of HSP70h distribution in BYV-in-
ected cells revealed that the most conspicuous associ-
tion of gold particles was with masses of virions (Figs.
A and 3B). To test this apparent colocalization of the
irions and HSP70h, serial sections of the same infected
ell were subjected to IGL using anti-HSP70h or anti-CP
erum. The highest density of gold particles was ob-
erved in similar locations on both images (cf. Figs. 3C
nd 3D). The relatively low overall density of HSP70h-
pecific IGL can be attributed to the down-regulation of
he HSP70h production resulting in ;100-fold difference
n expression levels of the CP and HSP70h (unpublished
bservation).
Further support for the association between HSP70h
nd virions was obtained using statistical analysis of the
istribution of gold particles in various areas of the
nfected and noninfected cells (Table 1). As expected,
pplication of IGL with anti-CP serum revealed the high-
rse section of a minor vein from young N. benthamiana leaf. The cell
m parenchyma), BS (bundle sheath), and T (tracheary elements). The
ng abundant BYV-induced vesicles (Ve) and virion aggregates (V). Ch,Transve
(phloe
ontainist specific labeling of virion masses and virions scat-
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175SUBCELLULAR LOCALIZATION OF VIRAL HSP70ered among vesicles in the cytoplasm. Some CP label-
ng was observed in the nuclei and chloroplasts but not
n mitochondria or cell walls (Table 1). Application of the
SP70h-specific IGL revealed a very similar pattern of
istribution that was reproduced using two sizes of gold
articles: 30 and 10 nm (Table 1). Similar analysis of
oninfected cells revealed very low background, demon-
trating the specificity of the labeling. Taken together,
hese results clearly indicate that the virions and HSP70h
olocalize in BYV-infected cells of N. benthamiana.
elation of the HSP70h and virions to plasmodesmata
Inspection of the HSP70h-specific IGL images re-
ealed consistent labeling of the intercellular plasmod-
smatal channels (Figs. 4A and 4B). Analysis of 30 plas-
odesmata found in infected cells yielded a mean of
.6 6 2.3 gold particles per plasmodesma. If only the
lasmodesmata showing at least one gold particle were
onsidered (n 5 20), the level of labeling was as high as
.7 6 2.0. Analysis of noninfected cells revealed only
egligible background labeling (0.1 6 0.3 gold particles
er plasmodesma).
FIG. 2. Immunogold labeling of BYV-infected cells using anticapsid pr
asses (V) and virions scattered in cytoplasm. Note that the fibrous
abeled. CW, cell wall between companion and bundle sheath (top rig
howing labeled virion masses and vesicles (Ve). The size of gold micVirion-like filaments were frequently found in the close iicinity of the plasmodesmata (Fig. 4C). Examination of
nfected cells using the CP-specific IGL revealed only
arginal levels of labeling of plasmodesmatal channels
1.06 6 1.66 and 0.8 6 1.23 for 10 and 30 nm gold,
espectively). Given the much higher overall abundance
f the CP compared with that of HSP70h, these results
uggest that HSP70h is a resident plasmodesmatal pro-
ein, whereas association of the CP and/or virions with
ntercellular channels is only weak or transient.
NA encapsidation analysis using the HSP70h-
eficient BYV mutant
Colocalization of HSP70h and virions could be inter-
reted as indication of an HSP70h role in virion assem-
ly. To test this possibility, we used a mutant in which the
tart codon in the ORF encoding HSP70h has been
eplaced with AUA, resulting in a complete block of
SP70h synthesis (Peremyslov et al., 1998; and data not
hown). The full-length cDNA clone of BYV harboring this
utation was designated pBYV-No-HSP70h. The compe-
ence of this mutant in RNA encapsidation was tested
sing transfection of the corresponding RNA transcripts
rum. (A) Companion cell (bottom left) showing strong labeling of virion
l in the center presumably formed by the phloem protein (Pp) is not
ls. N, nucleus; M, mitochondrion; Ch, chloroplast. (B) Mesophyll cell
res is 30 nm. Bar in A, 1.5 mm; in B, 2.3 mm.otein se
materia
ht) cel
rosphento tobacco protoplasts. The transcripts of the nonmu-
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176 MEDINA ET AL.ant variant pBYV-NA (Peremyslov et al., 1998) were used
s a positive control. The recombinant variant in which
ix BYV genes including those encoding major and minor
Ps were replaced with the GUS reporter (pBYV-GUS-
21) was used as an assembly-deficient negative con-
rol.
Analysis of RNA encapsidation was conducted using a
odified RT-PCR-based approach (Wu and Shaw, 1996).
xtracts of protoplasts harvested at 4 days post-trans-
ection were incubated in the presence of endogenous
Nases resulting in digestion of the uncoated RNA,
hereas the encapsidated RNA remained protected. The
NA was isolated and analyzed via RT-PCR using three
ets of primers designed for amplification of the 59-
FIG. 3. Immunogold labeling of BYV-infected cells using anti-HSP70h
ggregates is shown in A and B. C and D represent ultrathin sections
erum (D). Strongest labeling of the areas containing virions is obviou
m in C and D. Bar in A, 0.51 mm; in B, 0.84 mm; in C and D, 0.58 mmerminal, internal, and 39-terminal regions of the BYV wenome. This approach revealed protection of the all
hree regions in the wild-type BYV variant. As expected,
one of these regions was protected in BYV-GUS-p21
ariant lacking CP genes (Fig. 5). In an additional positive
ontrol, the RNA preparations isolated before treatment
ere successfully amplified for each BYV variant by us-
ng each of the three primer sets (Fig. 5A and data not
hown).
The apparent level of RNA protection in No-HSP70h
ariant was indistinguishable from that observed in the
onmutant BYV (Fig. 5). This result suggested that
SP70h is not required for encapsidation of viral RNA.
he IGL-EM analysis also confirmed the presence of
irions in extracts of protoplasts transfected using the
(A–C) or anticapsid protein serum (D). Specific labeling of the virion
same cell labeled using anti-HSP70h serum (C) or anticapsid protein
th panels. The size of gold microspheres is 30 nm in A and B and 10serum
of the
s in boild-type and No-HSP70h BYV variants (not shown).
l
t
c
t
(
t
N
e
1
T
v
c
t
s
v
w
n
s
d
t
p
1
g
q
p
m
t
w
t
l
p
m
H
v
o
s
l
B
i
H
w
c
n
w
H
e
a
(
a
d
e
m
i
e
f
t
H
t
m
G
i
t
H
l
1
m
V
V
N
C
M
C
177SUBCELLULAR LOCALIZATION OF VIRAL HSP70DISCUSSION
Our study of the distribution of BYV in the infected
eaves of N. benthamiana demonstrated strong affinity of
he virus for phloem and only limited spread into adja-
ent mesophyll cells. The infected cells exhibited forma-
ion of vesicles characteristic of closterovirus infections
Lesemann, 1988). Phloem tropism, subcellular localiza-
ion, and cytopathology of BYV in a newly described host
. benthamiana are in remarkable agreement with the
arly work on BYV in sugar beet and T. expansa (Esau,
960a, 1960b; Esau and Hoefert, 1971a, 1971b, 1971c).
hese authors observed BYV-like particles among the
esicles, in the nuclei, and in loose association with the
hloroplasts but not in the mitochondria. We confirmed
his pattern of subcellular localization of virions using
pecific antiserum and IGL.
In addition, our observations revealed the presence of
irions in close proximity to plasmodesmata. However,
eak CP-specific labeling of the plasmodesmatal chan-
els suggested that if the virions are involved in the virus
pread from cell to cell, their transit is quite rapid. Evi-
ently, more research is required to identify the actual
ransported form of BYV. The cell-to-cell movement of
otexviruses (Chapman et al., 1992; Santa Cruz et al.,
998) and potyviruses (Dolja et al., 1994a, 1995; Rodri-
uez-Cerezo et al., 1997; Roberts et al., 1998) does re-
uire CP and possibly virion formation. The virions of
otexviruses and potyviruses possess a filamentous
orphology similar to that of closteroviruses, although
he length of their virions is only ;500–750 nm compared
ith ;1250 nm for BYV. It cannot be excluded, however,
hat intercellular translocation of filamentous viruses fol-
ows a disassembly–reassembly mode, as recently pro-
osed for an icosahedral cucumber mosaic virus (Black-
an et al., 1998).
Examination of the subcellular distribution of BYV
SP70h revealed colocalization of this protein with the
T
Number of 30- or 10-nm Gold Particles Present in Different Region
Antisera to BYV CP or HSP70h and Compared wit
CP Antiserum
30 nm 10
irion aggregates 31.9 6 9.0a 52.5 6 12.
esicles 19.0 6 4.8 37.1 6 7.
uclei 5.5 6 1.6 (0.2 6 0.4) 8.0 6 3.
hloroplasts 2.4 6 1.9 (0.2 6 0.4) 3.7 6 1.
itochondria 0.2 6 0.4 (0.2 6 0.4) 0.8 6 1.
ell walls 0.3 6 0.4 (0.1 6 0.3) 0.7 6 0.
a Number of gold particles per square unit (;0.75 mm2) 6 standard dirions. Physical association between HSP70h and viri- hns was further supported by copurification of this non-
tructural protein with virions of lettuce infectious yel-
ows closterovirus (Tian et al., 1999) and BYV (T. Tian,
. W. Falk, V.V.P., and V.V.D., unpublished data). Colocal-
zation of HSP70h with virions could indicate that
SP70h functions in RNA encapsidation. This hypothesis
as tested using an HSP70h-deficient BYV mutant. Be-
ause no defects in protection of the terminal and inter-
al regions of the mutant RNA from RNase degradation
ere revealed using RT-PCR analysis, we concluded that
SP70h is not essential for RNA encapsidation. How-
ver, we cannot exclude a possible role of HSP70h in the
ssembly of unusual BYV virions possessing a short “tail”
Agranovsky et al., 1995), for we did not examine the
rchitectural details of the virions formed by the HSP70h-
eficient mutant.
Targeting of a viral protein to plasmodesmata is gen-
rally considered as indication of its role in cell-to-cell
ovement (Lucas, 1995; Carrington et al., 1996). Accord-
ngly, our finding of HSP70h in association with plasmod-
smata suggests its involvement in the intercellular traf-
icking of BYV. Because HSP70h is also associated with
he virions, we hypothesize that this member of the
SP70 family of molecular chaperones acts via binding
he virions and escorting them toward (through) the plas-
odesmata.
MATERIALS AND METHODS
eneration of the HSP70h-specific antiserum
Antiserum specific for BYV HSP70h was obtained by
njecting rabbits with recombinant, histidine-tagged pro-
ein encompassing the C-terminal domain of the
SP70h. This ;23-kDa domain was chosen for its low
evel of similarity with cellular HSP70s (Agranovsky et al.,
991); utilization of the more conserved N-terminal do-
ain could result in cross-reactivity of the serum with
V-Infected Companion and Phloem Parenchyma Cells Probed with
ar Regions of Noninfected Cells (in Parentheses)
HSP70h Antiserum
30 nm 10 nm
7.1 6 2.2 8.6 6 1.7
5.6 6 3.6 7.7 6 2.2
0.6) 3.1 6 1.5 (0.3 6 0.6) 3.6 6 1.7 (0.1 6 0.3)
0.4) 1.0 6 1.0 (0.2 6 0.4) 1.1 6 1.2 (0.4 6 0.9)
0.3) 0.0 6 0.0 (0.2 6 0.4) 0.3 6 0.4 (0.1 6 0.3)
0.6) 0.3 6 0.4 (0.1 6 0.3) 0.6 6 1.0 (0.2 6 0.6)
n. For each presented region, 20 areas were included in the analysis.ABLE 1
s of BY
h Simil
nm
3
1
4 (0.3 6
7 (0.2 6
3 (0.1 6
8 (0.3 6
eviatioost proteins. The corresponding region of the BYV ORF
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178 MEDINA ET AL.ncoding HSP70h was PCR amplified using the previ-
usly described plasmid r2 (Agranovsky et al., 1991) as a
emplate and oligonucleotide primers 59PCR-C65-Nde
nd 39PCR-65-Stu (Table 2). These primers harbored
ecognition sites for restriction endonucleases NdeI and
tuI, respectively. The resulting PCR product was treated
ith NdeI and StuI and cloned into appropriately di-
ested expression vector pPROEX-1 (GIBCO BRL). The
esulting plasmid pPro-C23 was transformed into Esch-
richia coli strain BL21(DE3), and the overexpression of
FIG. 4. Immunogold labeling of plasmodesmata using anti-HSP70h s
he plasmodesmatal channels is evident in A and B. C shows virion-like
abeling is present in plasmodesmal channel seen in the bottom right
n C and D. Bar in A and B, 0.24 mm; in C and D, 1.0 mm.he histidine-tagged protein was induced by addition of 1 bM IPTG. Because the recombinant protein was insolu-
le, it was affinity-purified under denaturing conditions
sing Ni21-NTA-agarose (Qiagen) essentially as recom-
ended by the manufacturer. The protein eluted from the
esin was separated by 12% SDS–PAGE; the correspond-
ng band was visualized by soaking the gel in 100 mM
Cl for 10 min, excised, and submitted for the generation
f rabbit antiserum to Cocalico Biologicals, Inc. (Reams-
own, PA).
The resulting antiserum was tested at 250-fold dilution
–C) or anticapsid protein serum (D). Presence of the gold particles in
nts attached to the neck of a plasmodesma. No capsid protein-specific
in D. The size of gold microspheres is 10 nm in A and B, and 30 nmerum (A
filame
cornery immunoblot analysis of leaf extracts from healthy and
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179SUBCELLULAR LOCALIZATION OF VIRAL HSP70YV-infected plants of N. benthamiana and was found to
eact specifically with the expected viral protein of ;65
Da (not shown).
lant inoculation and electron microscopy
N. benthamiana plants were inoculated using aphids
yzus persicae, which were fed overnight on the de-
ached leaves of Tetragonia expansa infected by the
alifornian isolate of BYV (Peremyslov et al., 1998) before
ransfer onto healthy host plants. The first symptoms of
nfection (vein clearing) appeared in the third week posti-
oculation. The newly formed leaves of infected plants
howing no symptoms or very mild initial symptoms
ere collected during the fourth week postinoculation.
Preparation of the leaves for ultrathin sectioning was
onducted as described (Medina et al., 1998) using stan-
ard double fixation with glutaraldehyde and osmium
etroxide and embedding with Araldite. Alternatively, cold
mbedding with Lowicryl HM20 was done after single
ixation with glutaraldehyde to preserve antigenicity for
ubsequent IGL. Ultrathin sections (60–90 nm) were
tained with uranyl acetate and lead citrate on Formvar-
arbon covered grids (200 mesh) and analyzed by TEM.
he IGL was conducted as described (Medina et al.,
998) using 30- or 10-nm gold microspheres and antisera
o BYV CP (a generous gift of Bryce Falk, University of
alifornia, Davis) or to HSP70h at 1:1000 or 1:200 dilu-
ion, respectively.
nalysis of BYV assembly in tobacco protoplasts
Generation of the full-length BYV cDNA clone pBYV-NA
nd its mutant derivative harboring a replacement of the
FIG. 5. RT-PCR analysis of virion assembly in protoplasts. The prod-
cts of RT-PCR amplification were separated in a 2% agarose gel.
anes 1–3 represent the analysis of the RNAs derived from the proto-
lasts transfected using pBYV-GUS-p21 transcripts (negative control),
ild-type pBYV-NA transcripts (positive control), and pBYV-NoHSP70h
ranscripts, respectively. (A) RT-PCR analysis of RNAs isolated without
ncubation of protoplast extracts at 37°C. (B–D) similar analysis of the
NAs after incubation at 37°C. The primer pairs used for RT-PCR
nalysis were specific for the 59-terminal (A and B), internal (C), and
9-terminal (D) regions. M, size markers; the lengths of selected DNA
ragments in base pairs are shown.tart codon in the ORF encoding HSP70h with ATA (pBYV-o-HSP70h) have been described (Peremyslov et al.,
998). To engineer the recombinant variant pBYV-GUS-
21, the DNA fragment from open reading frame (ORF) 2
tart codon to BamHI site at nucleotide (nt) 13392 was
eleted and another DNA fragment from the start of ORF
to the HpaI site at nt 14407 was replaced by the
-glucuronidase (GUS) ORF. As a result, BYV ORFs from
to 7 were deleted, whereas GUS was expressed under
ontrol of the ORF 6 (CP) promoter. Because this mutant
mplified its RNA to a level similar to that of the wild-type
hile producing no CP (data not shown), it was used as
negative control in encapsidation analyses.
The in vitro transcription of cDNA clones and transfec-
ion of tobacco protoplasts (;4 3 106 cells per transfec-
ion) were conducted as described by Peremyslov et al.
1998) and by Dolja et al. (1997), respectively. Three
ourths of the cells were harvested at 4 days post-trans-
ection, subjected to one cycle of freezing-thawing in
iquid nitrogen, and resuspended in 400 ml of the buffer
50 mM TriszHCl, pH 8.0, 1.5% Triton X-100) containing 2
of DNase I (Promega). In general accord with the
rocedure developed by Wu and Shaw (1996), the ex-
racts were incubated for 1.5 h at 37°C to degrade the
ncoated RNAs using endogenous plant RNases. The
Nase I was included to ensure degradation of the
esidual plasmid DNA present in transcription mixtures.
fter the treatment, RNA was isolated using TRIZOL
reagent (GIBCO BRL). The remaining one fourth of the
ells were used to obtain RNA preparations without prior
reatment at 37°C.
RT-PCR analysis of the treated and nontreated RNAs
as conducted as described (Dolja et al., 1997). The
airs of oligonucleotide primers used to amplify the 59-
erminal, internal, and 39-terminal parts of the BYV ge-
ome were 59BYV and 900Sph, 1a-2-5 and 1a-2-3, and
21-Nco and NOApa, respectively (Table 2). The ex-
ected sizes of the amplification products were 930 bp
or the 59 region, 750 bp for the central region that
ncompassed BYV nt from 3460 to 4210, and 700 bp for
he 39 region.
TABLE 2
Synthetic Oligonucleotides Used in The Study
Oligonucleotide Nucelotide sequencea (59-39)
59PCR-C65-Nde GCCATATGTTGTTGGTTGACT
39PCR-65-Stu GTAGGCCTCAGACATCAAGTT
59BYV GTTTTTAACCATCCTTCTACTAGAC
900SPH GTTGCATGCTTTATTTATCTTCCG
1a-2-5 GCGGATCCTTGAGCTCCGTTC
1a-2-3 GCATGCATCCCGTGTTCGCCC
p21-Nco GCCCATGGAGTTTTTCTTTAATGAC
NOApa TTCCCGGGCGGCCCTTATTTTTTCa Underlined nucleotides represent restriction endonuclease sites.
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